While it is accepted that proper folding and quaternary structural acquisition is necessary for secretion and Factors controlling the onset and progression of exthat secretion efficiency correlates with thermodynamic tracellular amyloid diseases remain largely unknown. stability, the primary literature on which these concepts Central to disease etiology is the efficiency of the enare based is limited. Studies using mammalian proteins doplasmic reticulum (ER) machinery that targets de- 
nervous system amyloidoses (CNSA; Benson, 1996;  predicts TTR secretion efficiency. ERAD leads to low secretion for only the most highly destabilized TTR variIkeda, 2002). The typical FAP, FAC, and CNSA patients are heterozygotes, hence their tetramers are made up ants, thus preventing severe early onset systemic amyloidosis by keeping the concentration of these variants of a near-statistical distribution of mutant and wild-type subunits, although variant TTR typically deposits selecin the serum low. Tissue-specific secretion differences, possibly mediated by T 4 chaperoning, allow secretion tively, likely because tetramers rich in variant subunits are less stable and are more easily dissociated and of highly destabilized TTR variants from the choroid plexus, but not the liver, allowing these variants to inititransformed into amyloid (Dwulet and Benson, 1983; Dwulet and Benson, 1984; Wallace et al., 1986) .
ate CNS-selective amyloidosis. Analysis of the relationship between folding energetics and secretion effi-A previous energetic characterization of a few FAP/ FAC variants led us to speculate that both the kinetic ciency reveals that even substantially destabilized proteins can be secreted. Rather than export being stability of the tetramer, defined by the rate of tetramer dissociation, and the thermodynamic stability of the based on a "quality control" standard relative to wildtype stability, we now show that export by ER-assisted tetrameric fold, defined by the linked tetramer-folded monomer-unfolded monomer transition, considered toprotein folding (ERAF) is an error-prone process influenced by numerous factors which determine the fracgether may predict disease severity (Hammarstrom et al., 2002) . However, we recently reported variants that tion of protein destined for export versus degradation; thus, some tissues are more permissive for secretion are highly unstable yet do not exhibit severe systemic pathology (Hammarstrom et immunoprecipitated, and the amount of protein was quantified by SDS-PAGE. While highly destabilized mutant proteins are normally subjected to ERAD, they can be secreted at BHK cells began secreting wild-type TTR 30 min after the pulse label ( Figures 1A and 1B) . Surprisingly, the higher levels when small molecules bind to and stabilize the native state in the ER allowing export, avoiding most pathogenic systemic variant (L55P; Jacobson et al., 1992) was secreted with similar kinetics and effiproteasomal degradation. T 4 binding to TTR could stabilize energetically compromised variants in this fashciency as wild-type TTR in both cell lines ( Figures 1A-1F ). In contrast, the amount of secreted A25T, as comion, increasing secretion efficiency, especially in tissues like the choroid plexus that are rich in T 4 and lack compared to wild-type, was markedly reduced in both cell lines ( Figures 1C and 1F) , consistent with the lowpetitive T 4 binding proteins (Dickson et al., 1987 . Wild-type TTR was also found in a punctate diswas examined using indirect immunofluorescence mi-tribution pattern that overlapped with the Golgi marker α-1,2,-mannosidase II (Figure 2A , third row), suggesting that it is efficiently trafficked through the normal protein secretory pathway. In contrast, D18G TTR exhibited minimal overlap with the α-1,2,-mannosidase II ( Figure  2A , bottom row), suggesting inefficient ER export of this TTR variant. We conclude that D18G TTR is largely restricted to the ER, consistent with its inefficient secretion (Figure 1) .
The substantially reduced secretion of D18G TTR from both BHK and MMH cell lines and its retention within the ER suggests that D18G may be targeted for ER-associated degradation (ERAD). Pulse-chase experiments were performed in the presence and absence of proteasome inhibitors to test this possibility ( Figure 2B ). Both intracellular and secreted TTR were quantified by SDS-PAGE as described above to determine the extent of intracellular TTR degradation relative to the quantity of TTR synthesized. In the absence of proteasome inhibitors, 74% of the labeled D18G TTR was degraded by the 6 hr time point ( Figure 2B ). In contrast, the addition of proteasome inhibitors reduced the degradation of D18G TTR to <50% ( Figure 2B ). The inhibitors had no effect on the recovery of wild-type TTR (data not shown), suggesting that the properly folded wild-type protein is not targeted for degradation by ERAD. These results indicate that the proteasome contributes to the degradation of highly destabilized TTR mutants.
Tetramerization Is Not Required for Efficient TTR Secretion D18G TTR is largely monomeric as a result of its highly destabilized tetrameric structure, the monomer being unstable and adopting multiple conformations. The inability of D18G TTR to tetramerize raises the possibility that tetramerization of TTR is required for efficient secretion. To investigate whether a normally folded TTR monomer could be secreted, we utilized the previously reported F87M/L110M TTR variant that exists as a stably folded monomer (M-TTR) at concentrations %2 mg/ ml (Jiang et al., 2001). M-TTR was secreted at 70% of the efficiency of wild-type TTR in BHK cells (Figure 3) , substantially higher than A25T (unstable tetramer) and D18G (conformationally heterogeneous monomer) TTR. Thus, TTR can be secreted as a monomer. While we urea denaturation midpoints (C m ), which directly reports on the linked tetramer 4 folded monomer and 2002). This rate of tetramer dissociation was measured at five urea concentrations, all high enough to render the monomer unfolding process irreversible, allowing extrapolation of the dissociation rate to 0 M urea. A number of TTR variants dissociated faster than wildtype TTR, while others displayed much slower kinetics (Figure 4) . In contrast to the pathology-related distribution of thermodynamic stability, the kinetic stability of the pathological variants displayed no qualitative trend. Even the CNS variants displayed a wide range of dissociation rates, from very rapid (A25T) to very slow (Y69H and F64S). Because D18G is monomeric, the reported rate for this variant is the unfolding rate, which is substantially faster than the reported tetramer dissociation rates. sonable that secretion efficiency might depend on some combination of thermodynamic and kinetic staand Y69H) exhibited the lowest thermodynamic stability (C m < 2) characterized to date. The other disease bility because these energetic parameters together should dictate the steady-state population of both associated TTR variants (C m R 2) typically exhibit systemic (non-CNS) neuropathy and/or cardiomyopathy folded TTR subject to export and the misfolded population subject to ERAD. In order to evaluate this possi- (Figure 4) .
Secretion Efficiency Is Best Predicted When Kinetic and Thermodynamic Stability Are Considered Together Utilizing a Combined Stability Score
The kinetic stability, defined by the rate of tetramer bility, a three-dimensional scatter plot was prepared with kinetic and thermodynamic stability as the indedissociation, also has the potential to influence secretion efficiency. While the pathogenic mutations were all pendent variables and secretion efficiency as the dependent variable. This scatter plot was subjected to a less stable than wild-type TTR, the kinetic stability varied substantially (Figure 4, y axis) . The dissociation rate linear regression in two dimensions, fitting these data to a plane representative of the overall combined stawas quantified by linking the slow tetramer dissociation rate to the much faster process of monomer unfolding, bility of the protein variants (Supplemental Discussion and Figure S1 ). The three-dimensional fit of secretion easily monitored by fluorescence (Hammarstrom et al., efficiency as a function of both thermodynamic and kienabling secretion detects a combination of thermodynamic and kinetic stability. This reflects the expectanetic stability exhibits a strikingly improved correlation ( Figure S1 , R 2 = 0.69). Using the weighting parameters tion that both kinetic and thermodynamic parameters dictate the near-native population within the ER that is determined from the three-dimensional linear fit ( Figure  S1 ), a combined stability score was calculated for each capable of interacting with the COPII cargo selection machinery. From these results, it is now apparent that variant, encompassing both thermodynamic and kinetic protein stability, by inserting the experimentally the ERAD machinery detects TTR variants having a combined stability score of <0.8, above which variants derived values for protein stability into the equation defining the fit of the three-dimensional plot (Supplemenare secreted at maximal efficiency ( Figures 5C and 5D) . Thus, ERAD substantially reduces the extracellular contal Discussion). Using the combined stability score, the three-dimensional plot was compressed into a twocentration of only the most destabilized variants, but not variants above this threshold, like L55P. ERAD dimensional figure with secretion efficiency on the y axis and the combined stability score on the x axis (Figtargeting of the most unstable variants explains why diseases associated with these TTR variants are not as ure 5C). The improved correlation when both kinetic and thermodynamic stability of the TTR tetramer are devastating as protein energetics alone might predict (Hammarstrom et al., 2002 ). L55P exhibits a devastaconsidered strongly suggests that ER-assisted folding . Therefore, we evaluated the optimal pH and pH range for fibril formation as well as fibril formacule binding and stabilization ( Figure 6C ). Small molecules do appear to tetramerize a small fraction of D18G tion kinetics in 50% methanol for each disease associated TTR variant ( Figure 7A ). The t 50 of MeOH-induced TTR by shifting the equilibrium away from the monomer (Hammarstrom et al., 2003a) , rationalizing the slight infibril formation did not correlate strongly with either thermodynamic stability (C m ; R 2 = 0.16; Figure 7B ) or crease in secreted D18G ( Figure 6C) . Treating BHK cells cotransfected with both D18G and FT 2 -wild-type TTR kinetic stability (t 1/2 dissociation; R 2 = 0.61; Figure 7C) ; however, it correlates very well with a combined sta-(see Supplemental Discussion and Figure S2 ) with T 4 , 1, and 2 (2.5 M) demonstrated a much higher level of bility score (R 2 = 0.79; Figures S4 and 7D) . Similarly, the optimal pH for fibril formation correlates less well with D18G secretion, consistent with the increased stability of D18G-containing heterotetramers rich in wild-type either thermodynamic (C m ; R 2 = 0.33; Figure 7E ) or kinetic stability (t 1/2 dissociation; R 2 = 0.35; Figure 7F ) subunits found in heterozygotes ( Figure 6C, far right) .
than it does with a combined stability score (R 2 = 0.67; Figures S5 and 7G) Efficiency and Amyloidogenicity to the choroid plexus cells displayed a small but reproWhile it has become dogma that thermodynamic staducible enhancement of the secretion levels of both bility predicts the secretion efficiency of proteins and A25T and wild-type TTR (Figure S3 ), suggesting that rat that self-assembly must precede the secretion of oligochoroid plexus cells may be optimized for the use of T 4 meric proteins, the data on which these hypotheses are chaperoning to enhance export. D18G is not secreted based are sparse and are not supported by the current from the choroid plexus cells (Figure 6D ), indicating that study of TTR and its variants. The folding and assembly this highly unstable variant is still too destabilized to be of the vast majority of TTR variants occurs within a few efficiently secreted. Rat TTR present at relatively low seconds, approximately 1000-fold faster than the rate levels in the choroid epithelial cells (Zheng and Zhao, of cellular secretion ( Figure S6) . The rate at which the 2002) could not be detected in mock transfections, tetramer dissociates and the position of the tetramerhence it is unlikely that mixed tetramer formation is the folded monomer-unfolded monomer-linked equilibria basis for the enhanced secretion of A25T TTR.
determine the steady-state population of unfolded/misfolded and folded protein, dictating how much protein is targeted for ERAD and how much protein is directed The Combined Stability Score Best Predicts Amyloidogenicity toward ER export, respectively, at constant rates of protein synthesis, secretion, and degradation. This While the above studies focus on secretion efficiency as a means of controlling the extracellular concentraanalysis assumes that the folded protein is competent to engage the COPII export machinery, an interaction tion of the amyloidogenic TTR variants, another consideration is the inherent amyloidogenicity of the TTR that appears to be rate limiting for secretion. These ideas explain why TTR variants of high kinetic stability tetramers once secreted. TTR will form amyloid fibrils in vitro under denaturing conditions that either lower (t 1/2 > 2 hr) are secreted normally irrespective of their thermodynamic stabilities, consistent with their inability the pH or the dielectric constant of the aqueous me- Table S2 ) or (C) tetramer dissociation rate (red line is a linear fit with R 2 = 0.61; Table S2 ). In (D), the correlation improves when considered in terms of the combined stability score calculated from linear regression analysis of a three-dimensional fit ( Figure S4 ) that considers both the kinetic and thermodynamic stability parameters simultaneously (see Supplemental Discussion) (red line is a linear fit with R 2 = 0.79). (E) A poor correlation exists between the optimal pH of fibril formation and thermodynamic stability (red line is a linear fit with R 2 = 0.33; Table S2 ) or when the kinetics of tetramer dissociation are considered alone (F) (red line represents a linear fit with R 2 = 0.35; Table S2 ). In (G), the combined stability score, calculated from a linear regression analysis (described in Supplemental Discussion) of the three-dimensional plot displayed in Figure S5 , better correlates with the optimal pH for fibril formation (red line is a linear fit with R 2 = 0.67).
to dissociate and engage the ERAD machinery on a unable to interact with the ERAD machinery. Stably folded monomeric variants of TTR, incapable of formtimescale consistent with ER export (e.g., Figures 5A  and 8) . Similarly, variants of high thermodynamic staing tetrameric structures, are secreted with near-wildtype efficiency and display secretion efficiencies that bility (C m R 2) are secreted normally regardless of their kinetic stabilities (e.g., Figure 5B ) because the equilibcorrelate best with their thermodynamic stabilities, consistent with the fact that their kinetics of folding and rium between the natively folded state and the unfolded states lies heavily toward the native tetramer, a state unfolding are fast relative to their secretion. Secretion lates with their combined stability score. The L55P variant has the lowest combined stability score that permits secretion at wild-type-like levels-rationalizing this variant's severe early onset FAP (w20 years of age). For TTR sequences secreted at normal levels, the plasma concentration (3-7 M) is as much as two orders of magnitude higher than the CSF concentration (0.04-0.4 M), likely explaining why systemic disease is more common than CNS amyloidosis. Ironically, variants more destabilized than L55P (Figure 5 ) lead to milder systemic (non-CNS) amyloidosis, likely because substantially less of these variants are secreted into the blood, demonstrating the important interplay between extracellular concentration and the combined stability score. ERAD protects us from severe early onset systemic amyloidosis in most tissues, a hypothesis supported by the fact that severe systemic pathology is not observed from the most destabilized TTR variants.
Tissue-Specific Secretion Differences Can Explain Why D18G and A25T TTR Lead to CNS-Selective Amyloidosis
Although numerous amyloidoses display tissue-selective deposition and pathology, the mechanism remains unclear. We demonstrated that the choroidal cell line is more permissive in its ability to secrete the highly destabilized A25T TTR variant and that A25T TTR ute to tissue-selective amyloidosis.
ERAF Leads to Secretion Whereas ERAD efficiency dictates the extracellular concentration of TTR, an important factor in the amyloidogenesis rate
Leads to Degradation The combined stability score provides a quantitative equation; hence, the ability of the ER to export variant protein appears to be an important parameter in disframework to begin to assess the functions of the ER in protein folding and export (Figure 8 ), the latter being ease etiology.
Although the ER controls the concentration of the mediated by the COPII protein complex that recruits proteins to budding vesicles for delivery to the cell suramyloidogenic protein outside the cell, the proteins proclivity to misfold is controlled by its inherent enerface (Lee et al., 2004; LaPointe et al., 2004). We find that the ER allows numerous pathologic TTR variants getics. More specifically, amyloidogenicity correlates best with a combination of kinetic and thermodynamic with reduced combined stability scores to be secreted with wild-type-like efficiency. This was surprising, as stability reflected in the combined stability score. Tetramer dissociation kinetics dictates the maximal rate of previous studies on ER function have led to the current view that export from the ER is monitored by a "quality amyloidogenesis, whereas thermodynamics prescribes the concentration of TTR adopting an amyloidogenic control" process-taken to mean that the ER only exports proteins that are stable relative to the wild-type conformation, both being important factors in the amyloidogenesis rate equation.
fold. In contrast, we found that export is coupled to ERAF pathways. These pathways are influenced by the energetics ( 
